ABSTRACT: In the present work, the ash chemistry and deposition behavior during straw dust-firing were studied by performing experiments in an entrained flow reactor. The effect of using spent bleaching earth (SBE) as an additive in straw combustion was also investigated by comparing with kaolinite. During dust-firing of straw, the large (>∼2.5 μm) fly ash particles generated were primarily molten or partially molten spherical particles rich in K, Si, and Ca, supplemented by Si-rich flake-shaped particles. The smaller fly ash particles (<∼2.5 μm) were predominantly formed from the nucleation, condensation, and coagulation of the vaporized K, Cl, S, and P species. Approximately 70% of K in the fly ash from straw combustion was water-soluble, and KCl was estimated to contribute to more than 40% of the water-soluble K. With the addition of SBE to straw dust-firing, the Cl retention in ash was reduced, the SO 2 emission was increased, and the formation of water-soluble alkali species was decreased. Compared to kaolinite, the inhibiting effect of SBE on alkali chloride formation was slightly less pronounced at a similar K/(Al þ Si) molar ratio of the fuel mixture. The addition of SBE to straw dust-firing significantly decreased the Cl content of the deposits collected on a probe, both due to a dilution effect and chemical reactions. Compared to pure straw combustion, the deposition rate was slightly increased during the SBE addition, in spite of the considerably decreased deposition propensity. The results from the present work suggest that SBE could be a promising additive to be used in straw dust-firing.
INTRODUCTION
In order to achieve the European targets regarding reduction of greenhouse gases and increasing the use of renewable energy in 2020, 1 an important measure is to use biomass as fuel in highefficiency centralized electrical power plants. In Denmark, the utilization of biomass in power production has been primarily based on dedicated grate-fired power plants and cofiring in coalfired power plants. 2À6 With an aim of increasing the biomass share in power production, an attractive solution is to convert the existing coal-fired power plants to 100% biomass dust-firing plants. Compared to traditional grate-fired plants, biomass dust-firing plants have higher load flexibilities, which can compensate the power production uncertainties induced by increasing wind power production in Denmark. 7 Since biomass is fundamentally different from coal in terms of fuel properties and combustion behaviors, 8 dust-firing of biomass may raise several technical challenges, such as flame stability and burnout, ash deposition and corrosion, deactivation of SCR catalyst, and ash utilization. Most of these issues are linked to the inorganic constituents in biomass. Compared to coal, biomass is often characterized by the large content of critical inorganic elements that may be easily vaporized during combustion. 9À12 The released critical inorganic elements, such as alkalis and chlorine, may form alkali chlorides and may lead to severe ash deposition and corrosion of superheaters in the boiler, 3 ,13À19 thereby restricting the electrical efficiency of biomass-fired plants. 2 Compared to grate-firing, ash deposition in biomass dust-firing may be more severe, due to the higher concentration of fly ash in the flue gas. Besides, the vaporized inorganic elements from biomass combustion may result in high concentrations of submicrometer particles in the flue gas. 5,20À22 These particles may deteriorate the performance of SCR catalysts, through physical deposition and blocking of channels as well as chemical poisoning and deactivation.
23À26
One possible approach to minimize the ash related problems during biomass combustion is to use additives that can convert the vaporized inorganic species to less harmful forms. 20,27À34 The usable additives can be approximately categorized as AlÀ Si-based, S-based, P-based, and Ca-based, according to the major elements present in the additives. A typical example of the AlÀ Si-based additives is kaolinite, which has been proven to be very effective in minimizing the gaseous alkali concentration in the flue gas through the formation of alkali-aluminosilicates with high melting temperature and HCl. 35À39 Other AlÀSi-based additives such as Bauxite, 38 Emathlite, 38 Bentonite, 20 clay, 20 quartz, 40 and coal ash 37 also showed some extent of decreasing effect on gaseous alkali concentrations. For S-based additives, the main effect is to convert the gaseous alkali chlorides in the flue gas to alkali sulfates, which are less harmful with respect to ash deposition and corrosion. 39 ,41 A typical S-based additive is ammonium sulfate, which can not only convert the gaseous alkali chlorides to sulfates but also reduce the NO x concentration in the flue gas. 30, 31 Other examples of S-based additives are aluminum sulfate, 29 ferric sulfate, 29 and elemental or gaseous sulfur. 4 ,31 P-based additives usually refer to Ca-phosphates which are capable of capturing gaseous alkali through the formation of alkali-Ca-phosphates. 20, 40 Besides, a recent study showed that the addition of ammonium phosphate could also decrease the concentration of alkali chloride in flue gas, presumably through the formation of alkali phosphates. 42 For biomass with large chlorine and alkali content, utilization of Ca-based additives such as Ca(OH) 2 or CaCO 3 normally do not greatly influence or can even increase the concentration of alkali chlorides/fine particles in the flue gas. 20 However, for biomass rich in P and alkalis, a significant decreasing effect on the fine particle formation may be achieved by using Ca-based additives. 33, 34 In general, with the purpose of minimizing ash related problems in biomass combustion, additives which have a pronounced decreasing effect on the harmful species (e.g., alkali chlorides) in the flue gas are desirable. Besides, an ideal additive is also expected to be cheap and easy to handle and should not significantly influence the fuel combustion behavior and ash utilization.
The aim of the present work was to provide a systematic evaluation of the ash morphology, chemistry, and deposition behavior during dust-firing of straw. In addition, the feasibility of utilizing spent bleaching earth (SBE) as an additive in straw dustfiring was examined, through comparison with kaolinite. The SBE is a powdery residual product from vegetable-oil production, which is considered to be an applicable additive in straw dustfiring because of the relatively high heating value, cheap price, and the relatively large Si content. To achieve the objective of this work, dust-firing of straw was performed in an entrained flow reactor (EFR) at different shares of SBE and kaolinite, respectively. The composition of different ash fractions from the experiments was analyzed, and the ash chemistry in dust-firing of straw with and without additives was investigated. With the collection of ash deposits on a probe with controlled conditions, the influence of additives on deposition rate and deposit composition was also examined.
EXPERIMENTAL SECTION
2.1. Fuel and Additives. The straw used in the present work was a Danish wheat straw, with compositions listed in Table 1 . It is seen that the most abundant inorganic elements in the straw are Si, K, Ca, and Cl. Compared to the Danish straw used in other studies, 4, 17, 20, 32, 43 the Cl content in this straw is relatively low, whereas the K content is comparable.
Bleaching earth refers to clays that are capable of absorbing coloring matter and undesirable residues during the processing of edible oils as well as the production of oleochemicals. 44 The spent bleaching earth (SBE) used in this work was from a Danish company producing vegetable oil (Aarhus Karlshamn AB). The price of SBE was approximately 40 DKK/ GJ, which was considered to be similar to the price of straw in Denmark. 45 Since the received SBE contained some vegetable oil (∼10 wt %) which agglomerated the particles, the SBE was dried at 80°C for 4 h. The resulting SBE was a mixture of bleaching earth (∼50 wt %), activated carbon (∼25 wt %), and cellulose-based filter aid (∼25 wt %), with the composition listed in Table 1 . It can be seen that the SBE has a large ash content, and the ash is dominated by Si. The heating value of SBE is comparable to straw. An additional characteristic of SBE is that the trace element content in SBE is usually negligible. 45 This is favorable, since the concentration of trace elements is a major limiting factor for utilizing the residue ash from biomass combustion as fertilizer. 2 The kaolinite used in the present work was a pure compound, with analyzed compositions listed in Table 1 . The kaolinite has larger ash, Al, and Si contents than that of SBE.
In order to facilitate fuel feeding, the straw was ground at an Alpine pin mill. The SBE and kaolinite were received as small particles which did not require further treatment. The particle size distribution of the straw and additives was analyzed by a laser diffraction method with the Malvern Mastersizer 2000 particle size analyzer. The measured particle size distribution is depicted in Figure 1 . It is seen that the straw particles have a d 50 (meaning that 50 volume % of the particles are below this size) of about 285 μm. The SBE particles are much smaller than the straw particles, having a d 50 of about 95 μm. The kaolinite particles are extremely fine particles, with a d 50 of approximately 8 μm.
Setup.
The experiments were carried out in an entrained flow reactor (EFR) which was designed to simulate the combustion conditions of a suspension fired boiler. The setup consists of a gas supply system, a fuel feeding system, a gas preheater, a 2 m long vertical reactor electrically heated by 7 heating elements, a bottom chamber, a particle and gas extraction system, and a particle deposition system, which simulates deposit formation on superheaters in a boiler. A schematic drawing of the setup is shown in Figure 2 , with more detailed descriptions of the reactor available elsewhere. 4 During the experiments, straw particles or the premixed straw and additive particles were injected into the reactor by the primary air. In order to have a comparable residence time in different experiments, the flow rate of the primary air and total air was maintained at 13 and 95 N L/min, respectively. The feeding rate of the fuel particles was controlled by a gravimetric screw feeder and was adjusted to an excess air ratio of approximately 1.6. This excess air ratio was chosen in order to Energy & Fuels ARTICLE ensure a sufficient burnout in the reactor. After injection, the fuel particles were mixed with the preheated secondary air at the inlet of the vertical reactor and subsequently combusted in the reactor. The temperature of the heating element in the preheater was controlled at 900°C, and the wall temperature of the vertical reactor was set to 1000À1300°C for all of the experiments, similar to the conditions used in previous studies. 4, 6 It should be noted that although the wall temperatures are set to constant values during the experiments and the excess air ratio in different experiments is controlled to be similar, it is difficult to know if the flame temperature is the same in different experiments. However, since the present work is an application oriented research focusing on the general influence of SBE and kaolinite addition on straw dusting-firing, the effect of detailed factors (such as ignition delays, flame temperature, and residence time of different ash particles), which may vary in different experiments, is difficult to assess and is outside the scope of this work. On the other hand, since the air input and the excess air ratio are almost fixed in the experiments and the reactor is electrically heated, it is believed the reactor temperature profile would only change little between the experiments.
After the fuel particles were combusted in the reactor, the bottom ash was collected in the bottom chamber. The flue gas was separated into two fractions. As illustrated in Figure 2 , a minor part of the flue gas was drawn to an extraction system through a water-cooled probe. The watercooled probe was placed perpendicular to the direction of the flue gas and the sampling point was located at the center of the reactor tube. The probe had an outer diameter of 6.4 mm and an inner diameter of 4.4 mm. The flue gas temperature at the sampling point was about 600°C, which was rapidly cooled to about 100°C in the water-cooled probe. It needs to be noted that the significant temperature gradient between the flue gas and the surface of the water cooled probe may induce thermophoresis and lead to the deposition of aerosols on the probe surface. These deposited aerosols and other fly ash particles in the cooling probe were collected after the experiment and were considered as part of the cyclone ash. The large fly ash particles passing through the water-cooled probe were collected by a cyclone with a cutoff diameter of 2.5 μm, and the remaining fine fly ash particles were gathered on an aerosol filter using a polycarbonate membrane with a pore size of 0.1 μm. The concentration of CO, CO 2 , O 2 , NO, and SO 2 was measured by two gas analyzers. The remaining flue gas was directed toward a deposit probe. In front of the deposit probe, a propane burner was mounted to control the flue gas temperature to be 750°C. It should be noted that the flue gas introduced by the propane burner slightly lowered the concentration of fly ash and the vaporized inorganic species in flue gas, thereby influencing the ash deposition rate on the probe. However, since the propane burner was operated at similar conditions at different experiments, the obtained ash deposition results would still be comparable. One should be aware that the "ash deposition" in this paper is not restricted to the deposition of solid ash particles but rather referring to the deposition of the ash forming species through different mechanisms such as inertial impaction, thermophoresis, and condensation of inorganic vapors. The air-cooled deposit probe was made of stainless steel, with an outer diameter of 1 cm and a length of 10 cm. The probe was placed in front of the exit slit of bottom chamber which has a size of 4 Â 8 cm 2 . By adjustment of the temperature of the air preheater and the heating tape connected to the probe, the surface temperature of the deposit probe was controlled to be around 470°C during the experiments. The temperature was chosen according to the typical superheater temperature in a straw dust-firing plant. 2 The duration of an experiment was 90 min. In order to achieve a stable combustion condition, the reactor was preheated to operational temperatures and kept overnight, and the fuel injection began 40 min prior to the start of an experiment. After the experiment, the deposits on the probe, the ash from the extraction tubes, cyclone, aerosol filter, and bottom chamber were collected, weighed, and preserved for chemical analysis. In order to minimize the influence of deposit built up inside the reactor, the reactor was heated to 1400°C for 20 h after every experiment to perform hightemperature cleaning.
Experimental Matrix.
The experimental matrix is shown in Table 2 . It is seen that the excess air ratio in different experiments is maintained around 1.6. In addition to pure straw combustion, the straw has been cofired with a different mass share of kaolinite or SBE. The added SBE was 10 wt % and 20 wt %, respectively. The addition kaolinite was chosen to be 5 wt % and 10 wt %, respectively, in order to perform the experiments at similar K/(Al þ Si) molar ratios as that of SBE addition.
2.4. Ash/Deposit Analysis. The fuel, ash, and deposit samples from the experiments were analyzed at the Enstedvaerket Laboratory, DONG Energy A/S. The content of Al, Ca, Fe, K, Mg, Na, P, Si, Ti, S, and Cl in the different fuels and ash fractions were analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES). The water-soluble K, Na, Cl, and S content in the cyclone ash and deposit was analyzed by ICP-OES/IC. For this analysis, the ash/deposit Figure 2 . Schematic drawing of the entrained flow reactor. Energy & Fuels ARTICLE sample was dissolved in ultrapure water at 120°C for 1 h, and then the solution was filtered and analyzed by ICP-OES/IC. Besides the bulk chemical analysis, the typical morphology and composition of the fly ash particles from the experiments were characterized by using scanning electron microscopy and dispersive X-ray spectroscopy (SEM-EDS).
RESULTS AND DISCUSSION
3.1. Ash Behavior during Straw Dust-Firing. 3.1.1. Mass Balance. The ash and elemental mass balance in dust-firing of straw has been calculated based on the fuel and ash composition, the fuel feeding rate, the flue gas composition, and the amount of the collected ash and the corresponding flue gas flow rate (see details in the Supporting Information). The results are depicted in Figure 3 . It can be seen that the overall ash balance is around 95%. Approximately 20% of the fuel ash is partitioned to bottom ash, with the remaining being fly ash particles. The percentage of the filter ash and cyclone ash in fly ash is about 15% and 85%, respectively. The ash distribution indicates that the fly ash concentration in the flue gas is significantly increased in dustfiring of straw, compared to the grate-firing of straw where only about 10À20% of the fuel ash is partitioned to the fly ash. 46 The increased fly ash concentration may lead to more ash deposition in the superheater region. In addition, a significant fraction (∼15%) of the fly ash is found to be present as fine particles smaller than 2.5 μm, which is considerably higher than the fraction during pulverized coal combustion in the same reactor (∼8%). 6 Similar to the ash balance, the mass balance of the major inorganic elements is mostly above 90%, except for Al, Na, and K. The mass balance of Al is much higher than 100%. This is probably because of the Al content in straw is very small (see Table 1 ), thus the influence of analysis uncertainties may be significant. The mass balance of Na and K is around 80%, implying that part of the Na and K in straw may have been deposited on the reactor tube during the experiment. This hypothesis is supported by the deposits observed on the reactor tube after the experiment. One the other hand, although the collection of ash particles in the sampling system has been carried out carefully, a fraction of ash particles may still not be collected, particularly for the aerosols deposited in the water-cooled extraction probe via thermophoresis.
The partitioning of inorganic element to different ash fractions is illustrated in Figure 3 . It is seen that approximately 99% of the Cl in straw is found in ash, suggesting the presence of HCl (g) in the flue gas may be negligible in this experiment. The observed significant Cl retention in ash is probably linked to the high K/Cl molar ratio in the straw (>4), which may favor the formation of KCl. The Cl distribution also indicates that Cl is significantly enriched in the filter ash, whereas the presence of Cl is negligible in the bottom ash. For the S distribution, it seems that about 70% of the S is retained in the ash, with the remaining being gaseous S (mainly as SO 2 ) in the flue gas. Similar to the Cl distribution, a significant enrichment of S is found in the filter ash, while the partitioning of S to the bottom ash is minor. The distribution of the other inorganic elements generally represents the ash partitioning. However, for elements such as P, Na and K, a slight enrichment in the filter ash is noticeable.
3.1.2. Typical Fly Ash Morphology and Composition. SEM-EDS has been used to characterize the morphology and composition of the fly ash particles from straw dust-firing. Figure 4 illustrates the observed typical fly ash morphologies (the results are considered to be representative for a large number of analysis performed), with the corresponding spot-analysis compositions given in Figure 5 . It is generally found that the cyclone ash from straw dust-firing is dominated by molten or partially molten spherical particles. The large spherical particles, as illustrated in Figure 4b , often consist of K-silicates or K-Ca-silicates (see the compositions of spots 1 and 4 in Figure 5b ). In addition, there are some relatively smaller spherical particles which are rich in Si, P, K, and Ca (see spots 2 and 3 in Figure 4a and Figure 5a ). Besides the spherical particles, some flake-shaped particles are also observed in the cyclone ash (see spots 1 and 5 in Figure 4a ). These particles typically have a high Si content (>90 wt %), which may explain the appearance of the particles, as the melting temperature of silicon oxide is considerably higher than that of K-silicates or K-Ca-silicates. 47 Compared to the cyclone ash shown in parts a and b of Figure 4 , the morphology of the filter ash shown in Figure 4c is significantly different. The filter ash primarily consists of small Energy & Fuels ARTICLE and irregularly shaped particles, which are likely formed from nucleation, condensation, and aggregation of the vaporized inorganic species. The large particles seen in Figure 4c are probably a result of particle impaction in the filter, as the composition of the large particles is quite similar to that of small nucleates. As shown in Figure 5c , the composition of the filter ash is dominated by vaporized inorganic elements such as K, Cl, P, and S, which supports its formation mechanism. Besides conversion to filter ash, some of the vaporized inorganic species may also condense or attach to the existing ash particles, as illustrated by spots 2, 3, and 5 in Figures 4b and 5b. 3.1.3. Bulk Ash Composition. Figure 6 depicts the bulk composition of the bottom ash, the cyclone ash, and the filter ash collected from straw dust-firing. For comparison, the fuel ash composition, which is calculated from the straw properties, is also shown. It can be seen that the bottom ash from straw dust-firing is dominated by Si, K, and Ca. Compared with the fuel ash, the bottom ash is slightly enriched in Si but depleted in Ca and K. The presence of S and Cl is almost negligible in the bottom ash, which may be explained by the high volatility of S and Cl during straw combustion. 12 The cyclone ash composition generally represents the fuel ash composition. Compared to the fuel ash, the volatile inorganic elements such as S, Cl, P, Na, and K are slightly depleted in the cyclone ash, whereas the nonvolatile elements such as Si, Al, Fe, Ca, and Mg are slightly increased. The filter ash primarily consists of the volatile inorganic elements K, Cl, S, and P, which contribute to more than 90% of the inorganic elements in the filter ash. The composition of the filter ash obtained from two repeating experiments is almost identical, which supports the reliability of the measurements. Both the composition and the morphology of the filter ash suggest that during straw-dust firing, the ash particles smaller than 2.5 μm are predominantly generated from vaporized inorganic elements. Since the composition of the filter ash obtained in this work is close to the composition of the aerosols from grate-firing of straw, 21,22 the particle formation mechanism in the two cases is presumably quite similar. During grate-firing of straw, the formation of aerosols is considered to be initiated by the homogeneous nucleation of K 2 SO 4 , followed by the condensation of KCl and K 2 SO 4 as well as coagulation. 48, 49 This mechanism may greatly contribute to the formation of the filter ash obtained in this work. On the other hand, a small fraction of the filter ash, which contains a relatively large content of the nonvolatile elements such as Si and Al, may be originating from the small mineral particles presented in the original straw or generated by the fragmentation of included or excluded minerals. In pulverized coal combustion, the fragmentation mechanism is found to be an important PM2.5 formation mechanism. 50 However, in straw dust-firing, the contribution of this mechanism is limited to the PM2.5 formation, as indicated by the composition of the collected filter ash.
Besides the bulk ash composition, a useful parameter to evaluate the deposition/corrosion potential of fly ash from straw dust-firing is the water-soluble alkali concentration. 4 The watersoluble alkalis, such as alkali chlorides, are normally more corrosive than water insoluble alkalis such as alkali silicates. 16, 18 In the present work, the water-soluble K and Na content in the cyclone ash has been analyzed, showing that about 53% of the K and 41% of the Na in the cyclone ash are water-soluble. Besides, since the filter ash is dominated by volatile species such as Cl, S, P, and K which normally form water-soluble species, it is reasonable to assume that the alkalis in the filter ash are totally water-soluble. With this assumption, the water-soluble K and Na content in the fly ash can be calculated based on the ash composition shown in Figure 6 and the mass balance given in Figure 3 . The calculation reveals that about 73% of K and 62% of Na in the fly ash from straw dust-firing are water-soluble. The molar ratio of the (watersoluble K þ Na)/(Cl þ 2S þ P) in the fly ash is about 0.98, suggesting the water-soluble K and Na in the fly ash are most likely present as chlorides, sulfates, and phosphates. The molar ratio of Cl/(water-soluble K þ Na) is about 0.46, indicating that approximately 46% of the water-soluble alkalis in the fly ash is alkali chlorides. Figure 7 shows the influence of kaolinite and SBE addition on the cyclone and filter ash composition during straw dust-firing. It is seen that the variation of the cyclone ash composition generally reflects the ash composition change in the fuel mixture. With the addition of kaolinite, the Al content in the cyclone ash is increased significantly, whereas the content of S, Cl, Ca, P, and K is reduced because of the dilution effect. The decreasing effect on the S and Cl may be also associated with the chemical reactions between kaolinite and the vaporized S/Cl species, which release SO 2 /HCl to the flue gas. Similar to kaolinite, the addition of SBE also reduces the content of S, Cl, Ca, P, and K in the cyclone ash. The Si and Al content in the cyclone ash is increased with SBE addition, which reflects the difference in the ash composition of SBE and straw.
Compared to the cyclone ash, the influence of kaolinite and SBE addition on the filter ash composition shows some different tendencies. With the addition of 5 wt % kaolinite, the S content in the filter ash is decreased compared to pure straw combustion, whereas the Cl content is increased. A similar tendency is observed with the addition of 10 wt % SBE. However, the increased Cl content does not necessarily mean that the formation of KCl is increased with the addition of 5 wt % kaolinite or 10 wt % SBE. During dedicated straw combustion, the collected filter ash contributes to about 10% of the fuel ash (see Figure 3) , while this contribution becomes about 2.5% and 1.9%, respectively, during the addition of 5 wt % and 10 wt % SBE, which is significantly beyond the dilution effect caused by these two additives. This indicates that the formation of KCl is actually decreased with the addition of 5 wt % kaolin or 10 wt % SBE. On the other hand, with the addition of 10% kaolinite, both the Cl and K content in the filter ash is decreased compared to 5% kaolinite addition, while the Si and Al content is increased. This suggests that a fraction of the kaolinite particles is partitioned to filter ash under this condition. The molar ratio of (K þ Na)/ (Cl þ 2S þ P) in the filter ash from 10 wt % kaolinite addition is about 1.3, implying that part of the K and Na (about 25%) in the filter ash is probably presented as Na-or K-aluminosilicates.
Compared to 10 wt % SBE addition, a considerable decrease of the Cl and K content is observed in the filter ash collected from 20 wt % SBE addition. Since an increase of other inorganic elements is not observed, it is likely that the decrease of Cl and K content is linked to an increased formation of soot/small residual carbon under this condition. For other experiments, the contribution of inorganic elements/oxides to the formation of the filter ash is generally rather consistent.
The results shown in Figure 7 indicate that the composition of fly ash may be both affected by the dilution effect of the additives and chemical interactions. In order to better evaluate the chemical effect of kaolinite and SBE addition on the S partitioning, the percentage of S in the fuel/fuel mixture emitted as SO 2 is calculated based on the measured SO 2 concentration in the flue gas. From Figure 8a , it can be seen that both the addition of kaolinite and SBE increases the conversion of fuel S to SO 2 . Since the presence of S is found to be negligible in the kaolinite (see Table 1 ), the results imply that the formation of alkali sulfates is inhibited. The inhibiting effect of kaolinite on alkali sulfate formation has been reported in other work. 51 It is likely that the added kaolinite has reacted with the KOH/KCl released from straw combustion, 12 thereby reduced the sulphation reaction between gaseous alkali and SO 2 /SO 3 . In addition, the alkali sulfate may react with kaolinite directly and release SO 2 . 52 However, the formation of alkali sulfate in straw combustion is usually thermodynamically favored at temperatures lower than 1000°C.
53À55
In the EFR, the residence time in the temperature range of 1300À600°C (sampling point) is rather short (on the order of 0.1 s). This indicates that the direct reaction between alkali sulfate and kaolinite probably is not important for the increased SO 2 formation observed in the present work. Therefore, the primary mechanism for the increased SO 2 formation is likely the reaction between the added kaolinite particles and the vaporized KOH/KCl. For different shares of kaolinite, the effect is particularly pronounced with the addition of 5 wt % kaolinite, as compared to pure straw combustion. However, when the kaolinite share is increased from 5 wt % to 10 wt %, the decreasing effect is only slightly promoted. Energy & Fuels ARTICLE Similar to kaolinite, the addition of SBE also increases the formation of SO 2 . A possible reason is that part of the Si and Al in SBE reacts with the gaseous KOH/KCl released from straw combustion, forming stable K-silicates or K-aluminosilicates. Such reactions have been reported to be thermodynamically feasible, when straw is cofired with a fuel with high Si and Al content. 4, 53, 56 As shown in Figure 8a , the conversion of fuel S to SO 2 is increased approximately from 24% to 49%, with the addition of 10 wt % SBE. When the addition of SBE is increased to 20 wt %, the conversion of fuel S to SO 2 is increased further to about 71%. Through the comparison of the results from kaolinite and SBE addition, it appears that the effect of kaolinite is more significant than that of SBE, when applying the same molar ratio of K/(Al þ Si) in the fuel mixture, such as 5 wt % kaolinite versus 10 wt % SBE or 10 wt % kaolinite versus 20 wt % SBE (see Table 2 ). However, when the molar ratio of K/(Al þ Si) is around 0.10, i.e., 10 wt % kaolinite or 20 wt % SBE addition, the difference between the two additives becomes minor, as illustrated in Figure 8a .
In order to investigate the impact of kaolinite and SBE on Cl partitioning, the percentage of fuel Cl retention in the ash is calculated for different experiments through a mass balance calculation. As shown in Figure 8b , the Cl retention in ash is reduced significantly with the addition of kaolinite/SBE. The results imply that a fraction of the alkali chlorides formed during straw combustion has reacted with the injected kaolinite/SBE particles and releases the Cl as gaseous HCl. The mechanism of the reactions between alkali chlorides and kaolinite has been studied extensively. 35À39 The results of the present work show that the addition of 5 wt % and 10 wt % kaolinite during dustfiring of straw decreases the Cl retention in ash by approximately 55% and 82%, respectively. Compared to kaolinite, the effect of SBE is less pronounced, when the molar ratio of K/(Al þ Si) is similar in the fuel mixture. With the addition of 10 wt % and 20 wt % SBE, the Cl retention in ash during straw dust-firing is reduced by about 39% and 67%, respectively. The observed relatively lower reactivity of SBE may be linked both to the physical characteristics and the surface reaction kinetics of kaolinite and SBE. According to the particle size distribution shown in Figure 1 , the kaolinite particles are much smaller than the SBE particles. Thus, the kaolinite particles likely have larger specific surface area and less transport limitations than the SBE particles, which are favorable for gasÀsolid reactions. Besides, the surface reaction rate between the gaseous alkali and kaolinite may be greater than that of SBE. It has been reported that the surface reaction rate of kaolinite was much higher than that of silicon oxide, when reacting with alkali chlorides. 37, 57, 58 Since the SBE used in the present work is dominated by Si, it is possible that the surface reaction rate between SBE and the alkali species is slower than that of kaolinite.
The influence of kaolinite and SBE addition on the partitioning of alkali species is assessed by calculating the fraction of water-soluble K and Na in the fly ash. The calculation is based on the analyzed water-soluble alkali content in cyclone ash and the assumption that the alkali species in the filter ash are fully watersoluble. The results are present in Figure 9 . It can be seen that the addition of kaolinite and SBE both reduce the percentage of K/Na present as the water-soluble form in fly ash. This indicates that the formation of water insoluble alkalis, such as alkali aluminosilicates or alkali silicates, is promoted by kaolinite and SBE addition. With the addition of 5 wt % and 10 wt % kaolinite, the percentage of K present as the water-soluble form in fly ash is Energy & Fuels ARTICLE reduced by approximately 62% and 78%, respectively, in comparison with that of pure straw combustion. With the addition of 10 wt % and 20 wt % SBE, the percentage of water-soluble K present in the fly ash is decreased by about 49% and 71%, respectively. At similar molar ratios of K/(Al þ Si) in the fuel mixture, the decreasing effect of kaolinite is more significant than that of SBE, which is conceivably linked to the different physical characteristics and surface reaction kinetics of the two additives, as discussed previously. On the other hand, the decreasing effect of kaolinite and SBE addition on the percentage of water-soluble K may be partly related to the K present in kaolinite and SBE, which can be rather stable and difficult to vaporize during combustion. For 5 wt % kaolinite or 10 wt % SBE addition, the K in the additive may at a maximum contribute to 10% of the total K in fly ash. This implies that chemical reactions would still play a dominant role on the reduction of water-soluble K under these conditions. However, for 10 wt % kaolinite or 20 wt % SBE addition, the K in the additives may contribute at a maximum 20% of the K in fly ash. Thus the observed further reduction on water-soluble K, when the addition of kaolinite is increased from 5 wt % to 10 wt % (or the addition of SBE is increased from 10 wt % to 20 wt %), may be primarily due to the stable K presented in the kaolinite/SBE, rather than the promoted chemical reactions with straw K. In order to interpret the results shown in Figure 9 better, a detailed analysis of the association and release of K in SBE/kaolinite is needed, which is outside the scope of this work.
The behavior of Na is quite similar to that of K. However, the percentage of Na present in the water-soluble form is generally lower than that of K. This may imply that the formation of Na aluminosilicates or silicates may be more favorable than that of K, which seems to be in agreement with the observations in the literature. 6, 59 On the other hand, as shown in Table 1 , the SBE has a much higher Na content than that of straw, which can contribute to about 90% of the Na in the fuel mixture during 20 wt % SBE addition. Thus the observed behavior of watersoluble Na during SBE addition may be greatly influenced by the release of Na from SBE, which requires further investigations. For kaolinite addition, the Na in kaolinite would not play a significant role, thus the observed results are mainly attributed to chemical reactions.
One should be aware that the results shown in Figure 9 are obtained by assuming all of the alkali in filter ash is water-soluble. This assumption may not be appropriate for 10 wt % kaolinite addition, as indicated by the filter composition shown in Figure 7 . As mentioned previously, the Na-/K-aluminosilicates may contribute to 25% of the alkali in the filter ash under this condition.
Therefore, the actual amount of water-soluble alkali during 10 wt % kaolinite would probably be lower than that shown in Figure 9 .
In general, the results present in Figures 8 and 9 demonstrate that the injected SBE particles have reacted with the gaseous alkali released from straw combustion, resulting in a reduced Cl retention in the ash, increased SO 2 emission, and decreased formation of water-soluble alkalis. According to the Cl retention in the ash shown in Figure 8b , it seems that the addition of 10 wt % and 20 wt % SBE could reduce the alkali chloride formation in straw dust-firing by about 39% and 67%, respectively. Although the effect of SBE addition is slightly less significant, it is still comparable to the effect of kaolinite addition at a similar molar ratio of K/(Al þ Si) in the fuel mixture.
3.2.2. Ash Deposition. In order to evaluate the influence of the additives on deposit formation in the convective part of a straw dust-firing boiler, deposits are collected during the EFR experiments by using an air-cooled deposit probe. The deposition flux obtained from the experiments is shown in Figure 10a . It can be seen that the deposition flux increases with the addition of SBE. This is probably linked to the high ash content in the SBE, which has significantly increased the ash flux toward the probe. For kaolinite addition, the deposition flux is decreased compared to pure straw combustion. The deviations of the deposition flux obtained from two repetition experiments during pure straw combustion and the addition of 10 wt % SBE is shown in Figure 10a , indicating that the experimental uncertainties on the deposit formation are relatively small.
The deposition flux is divided by the calculated ash flux toward the probe in order to calculate the relative deposit flux. The parameter deposition flux/ash flux (%) is used to evaluate the deposition propensity of the fly ash. As shown in Figure 10b , the addition of SBE and kaolinite both reduce the ash deposition propensity considerably. With the addition of 5 wt % and 10 wt % kaolinite, the ash deposition propensity is decreased by about 49% and 64%, respectively. It is known that the main ash deposition mechanisms are inertial impaction, thermophoresis, and condensation. 60 In the present work, the deposits formed by inertial impaction would dominate the deposit mass. Therefore, the observed decreased ash deposition propensity during kaolinite addition indicates that deposits formed by inertial impaction of fly ash particles will be reduced. This is most likely due to the smaller alkali chloride concentrations in the flue gas, caused by the injection of kaolinite particles. With depleted alkali chloride condensation, the stickiness of the fly ash particles and deposits would be reduced significantly, thus lowering the ash deposition propensity. A similar explanation may be applied for the decreased ash deposition propensity during SBE addition. However, the observed ash deposition propensity during SBE addition is generally found to be larger than that of kaolinite addition. This is partly because of the kaolinite particles may react with gaseous alkali chlorides more effectively than the SBE particles, as discussed previously. In addition, the reaction between kaolinite and alkali chlorides may form alkali-aluminosilicates with high melting temperature, whereas the reaction between SBE and alkali chlorides may result in alkali silicates with a lower melting temperature.
The content of water-soluble K, S, and Cl in the collected deposits is analyzed and compared with that of the fly ash. It can be seen in Figure 11a that the water-soluble K content in the deposits is reduced considerably with the addition of kaolinite/ SBE, which is likely a result of both the dilution effect of kaolinite/SBE ash and the chemical effects discussed previously. During straw dust-firing, the water-soluble K content in the deposits is found to be lower than that of the fly ash. This may be explained by the deposition mechanisms of the water-soluble K species. During straw combustion, the majority of the watersoluble K species found in fly ash, such as KCl and K 2 SO 4 , will be present as vapor or small nucleates in flue gas. Therefore, the predominant deposition mechanisms for these species will be thermophoresis and condensation. However, the contribution of these mechanisms to the mass growth of deposit is minor and decrease quickly with time due to the decrease of temperature gradient between the flue gas and the deposit surface. 61 Therefore, the deposition propensity of water-soluble K species is presumably lower than that of the larger Si rich fly ash particles where inertial impaction is the main deposition mechanism. This could be an explanation to the lower concentration of water-soluble K in the deposit as compared to the fly ash. With the addition of SBE and kaolinite, it seems that the content of water-soluble K in deposits becomes closer to that of fly ash. This may be due to that the addition of SBE and kaolinite increase the concentration of large fly ash particles, which may promote the condensation of the water-soluble K species on the large fly ash particles. In this way, the difference between the water-soluble K content in fly ash and deposition becomes smaller. The effect is particularly pronounced with SBE addition, as shown in Figure 11a . Figure 11b shows the water-soluble Cl content in the fly ash and deposit collected from different experiments. Since the water-soluble Cl content in the fly ash is found to be almost identical to the total Cl content, the results shown in Figure 11b can be read as the total Cl content in fly ash and the deposit. It is seen that the Cl content in the deposit is decreased significantly with the addition of kaolinite or SBE, which is related both to the dilution effect of the ash from the additives as well as the chemical reactions between gaseous alkali chlorides and the additives. With the addition of 10 wt % SBE and 20 wt % SBE, the Cl content in deposit is decreased by approximately 75% and 95%, respectively. This implies that the corrosion potential of the deposits will be significantly reduced. 16, 18 Compared to 10 wt % SBE addition, 5 wt % kaolinite addition seems to reduce the Cl content in deposits more effectively. However, the reduction efficiency of 20 wt % SBE addition seems to be slightly higher than that of 10 wt % kaolinite addition.
The Cl content in the deposits is generally found to be lower than that of the fly ash. This is partly linked to the deposition mechanism of alkali chlorides, which has been explained previously. However, another reason is that a condensed phase sulfation takes place after the deposition of the alkali chlorides. This reaction, which has been found to be significant at temperatures above 750°C, releases the deposited Cl as gaseous HCl. 62 Compared to pure straw combustion, the difference between the Cl contents of the deposits and the fly ash seems to become larger during the addition of kaolinite/SBE. This is presumably due to that the extent of the condensed phase sulfation reaction is higher when straw is mixed with additives. The measured SO 2 concentration in pure straw combustion is 23 ppmv (6% O 2 , dry). However, with the addition of 10 wt % and 20 wt % SBE, the SO 2 concentration in the flue gas becomes 54 and 83 ppmv, respectively. The increased SO 2 concentration during SBE addition is linked to the larger S content in SBE. In addition, the relatively large Si content in SBE may inhibit the gaseous sulphation reaction and thereby reduce the formation of sulfates, as illustrated in Figure 8a .
The influence of additives on the water-soluble S content in the deposit is illustrated in Figure 11c . In general, the watersoluble S content is decreased with the addition of additives, although the effect is not as significant as that of water-soluble K and Cl. This is partially due to the presence of the condensed phase sulfation reaction, which is clearly demonstrated by the higher water-soluble S content in the deposit than that of fly ash. However, for pure straw combustion, the water-soluble S content in fly ash seems to be larger than that in deposits. This may be explained by two reasons. First, as discussed previously, the main deposition mechanisms for water-soluble S species are likely to be condensation and thermophoresis, which will conceivably result in a reduced deposition propensity of the S species. Second, the extent of the sulfation reaction is probably quite limited during pure straw combustion, due to the low SO 2 concentration in the flue gas.
The results shown in Figures 10 and 11 indicate that the addition of SBE can effectively decrease the Cl content in deposits, both through dilution and chemical reactions. Therefore, the corrosion potential in superheaters will be greatly decreased with the addition of SBE. Another advantage regarding corrosion is that the addition of SBE increases the SO 2 concentration in flue gas, promoting gas phase sulfation. However, the ash deposition rate on superheaters may be slightly increased with SBE addition. Although the ash deposition propensity is reduced by SBE addition, the fly ash concentration in the flue gas is significantly increased. In addition, the melting temperature of the fly ash from SBE addition may be lower than that from kaolinite addition. Therefore, it is important to characterize melting behavior of the fly ash in order to assess the influence on deposit sintering and slagging formation. However, this is outside the scope of the present work.
CONCLUSIONS
Straw dust-firing experiments were carried out in an entrained flow reactor. For the straw used in the present work, the Cl was almost totally partitioned to the fly ash, with negligible Cl present in the bottom ash or in the flue gas. The morphology and composition of the fly ash from straw dust-firing indicated that the large fly ash particles (>∼2.5 μm) were primarily molten or partial-molten spherical particles rich in K, Si, and Ca, supplemented by some Sirich flake-shaped particles. The finer fly ash particles (<∼2.5 μm) were predominantly formed from homogeneous nucleation followed by condensation and coagulation of the vaporized K, Cl, S, and P species. Approximately 70% of the K in fly ash was found to be water-soluble, and KCl was estimated to contribute to more than 40% of the water-soluble K. The results indicated a high deposition and corrosion potential of the fly ash from straw dust-firing.
The influence of two additives (spent bleaching earth (SBE) and kaolinite) on the ash chemistry and deposit formation during straw dust-firing was investigated and compared. It was shown that the SBE could react with the gaseous alkali released from straw combustion, resulting in reduced Cl retention in the fly ash, increased SO 2 emission, and decreased formation of watersoluble alkalis. For the addition of 10 wt % and 20 wt % SBE, the alkali chloride formation in straw dust-firing was estimated to be reduced by about 39% and 67%, respectively. With a similar molar ratio of K/(Al þ Si) in the fuel mixture, the inhibiting effect of kaolinite on alkali chloride formation was only slightly more pronounced than that of SBE. The Cl content in the deposits was decreased significantly with the addition of SBE, both due to a dilution effect and chemical reactions. With the addition of 10 wt % and 20 wt % SBE, the Cl content in the deposit was decreased by about 75% and 95%, respectively, indicating that the corrosion potential of the superheaters could be greatly reduced with the addition of SBE. Compared to pure straw combustion, the ash deposition propensity was reduced by SBE addition. However, the ash deposition rate was increased, primarily due to the significantly higher fly ash concentration in the flue gas.
On the basis of the present work, it is suggested that SBE is a promising additive for straw dust-firing. Besides the identified effect on ash chemistry and deposition behavior, the SBE is characterized by high heating value, cheap price, negligible trace element concentration, and small particle size, which are favorable both from a technical and an economical point of view.
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